A striking increase in the plasma renin level occurred in dogs with low output right heart failure secondary to tricuspid insufficiency and pulmonic stenosis and in three of five animals with high output failure produced by a large arteriovenous fistula. When dogs with a small arteriovenous fistula were given daily injections of DOCA, the renal sodium "escape" phenomenon occurred. In these animals, the level of plasma renin was suppressed during DOCA administration both during the initial period of sodium retention and also later when sodium balance was normal or negative. In contrast, when dogs with a larger arteriovenous fistula but without evidence of cardiac failure were given DOCA, they retained sodium and developed signs of congestive heart failure. However, in these animals with congestion and ascites, in contrast to-the dogs that developed spontaneous high output failure, the plasma renin was low. Renin-substrate was unaltered in all of the experimental situations studied except for the decrease observed in dogs with low output right heart failure, la these animals, it seems likely that decreased renin-substrate was secondary to hepatic congestion and liver damage. The renin-angiotensin system does not seem to be related to the "escape" phenomenon, and renin does not appear to be the factor that makes the kidney unusually responsive to mineralocorticoids. Thus, in experimental heart failure the reninangiotensin system was activated, but in the congestive syndrome produced by DOCA the plasma renin level was suppressed.
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• Hypersecretion of aldosterone is common in edematous states (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Many patients with congestive heart failure have increased secretion and excretion of aldosterone (1, (3) (4) (5) (6) (7) , but patients with edema also have normal rates of secretion, of this hormone (8) (9) (10) . Experimental heart failure in dogs is regularly accompanied by an increase in aldosterone secretion and a high plasma level of aldosterone (2, 11, 12) . The increase in plasma aldosterone in heart failure also results from a decrease in the metabolic clearance of aldosterone by the Ever (4, 9, 13). The present study relates the participation of the reninangiotensin system in experimental heart failure to sodium balance and to the known hypersecfetion of aldosterone. This investigation is also concerned with the role of the renin-angiotensin system in the "escape" phenomenon (14) (15) . Normal humans or animals given large quantities of a mineralocorticoid retain sodium for only a few days and then escape from the sodiumretaining action of the steroid (15) (16) (17) . Certain
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patients and experimental animal preparations, however, when given a mineralocorticoid retain sodium for prolonged periods, do not exhibit this "escape" phenomenon (14, 15) . In many of these conditions in which marked sodium retention occurs during mineralocorticoid administration, there is evidence for increased activity of the reninangiotensin system (2, 12, 14) . To determine whether renin or angiotensin II could possibly make the kidney more responsive to the sodium-retaining action of mineralocorticoids, plasma renin was measured sequentially in two groups of dogs. One group, with a small arteriovenous fistula, showed the renal "escape" from the sodium retaining action of desoxycorticosterone acetate (DOCA). 1 The other group, with a large arteriovenous fistula, did not exhibit the "escape" phenomenon during DOCA administration, but the animals retained sodium and developed the signs of congestive heart failure.
Methods
Studies were conducted in conscious trained mongrel dogs weighing 18 to 28 kg. The animals were kept in individual metabolic balance cages and fed a diet containing a constant amount of sodium (30 or 60 mEq per day) and potassium (28 or 56 mEq per day). Urine was collected daily. Urine and plasma were analyzed for sodium and potassium by flame photometry. Arterial pressure was measured by direct percutaneous femoral artery puncture with a no. 20 gauge needle connected to a Statham P23Bd pressure transducer and Sanborn recording apparatus. Right atrial pressure was determined with a water manometer attached to a polyethylene catheter which was passed into the right atrium via the jugular vein. At the same time that the pressure measurements were made, blood was obtained and placed in polycarbonate tubes chilled in ice. Each tube contained 0.1 M of disodium ethylenediaminetetraacetate (EDTA) for each 20 ml of whole blood; EDTA served as an anticoagulant and as an inhibitor of angiotensinase activity. Plasma renin was measured by a modified Helmer method adapted for dog blood (18, 19) 15 20 25 Observations from a dog that developed low output right heart failure secondary to tricuspid insufficiency and pulmonary stenosis (dog IS of II was added to plasma which was processed and incubated, 97SE of the angiotensin was recovered. When dog renin was added to dog plasma, 94 to 109% was recovered. Evidence for the specificity of the modified Helmer procedure has been presented previously (18, 19) . Plasma renin substrate was measured by a method described elsewhere (19) . Two or three control plasma renin determinations were made in all dogs, and blood was drawn every second or third day throughout the experimental period for measurement of plasma renin. Right heart failure was produced in five dogs by tricuspid insufficiency and pulmonary stenosis (20, 21) . Aortic-caval fistulas were placed below the kidneys in 14 dogs (12) . Sodium pentobarbital anesthesia (30 mg/kg) was used during the surgery. In five dogs the fistula was large CircuUtion Rtsnrcb, Vol. XXII, Ftbrutry 1968 enough to produce spontaneous full-blown congestive heart failure. The nine dogs that did not develop heart failure were allowed to recover from the surgery; in these further studies were made of metabolic balances, arterial and right atrial pressures, plasma electrolytes, and plasma renin. After these measurements, the animals were given 15 mg of DOCA intramuscularly per day. Four dogs received DOCA until they died in pulmonary edema after a period of 7 days or more. The other five dogs showed renal sodium "escape" from DOCA, and administration of the steroid was stopped after 12 days; observations were made in four of the animals after recovery.
Results

Dogs with low output heart failure (N = 5).-
The average values of each dog for the con- trol and experimental periods for renal sodium excretion, the concentration of plasma sodium, arterial and right atrial pressures, and plasma renin determinations are given in Table 1 . An example of the metabolic balance data and the experimental design for an individual animal is presented in Figure 1 . All dogs showed the characteristic syndrome of right-sided congestive heart failure with edema and ascites; renal sodium excretion was very low, central venous pressure was elevated, and arterial pressure was reduced. In every animal there was an increase in plasma renin above the control level; the magnitude of this elevation in renin varied among individual animals. In one dog plasma renin declined after 18 days ( Fig. 1 ). The increase in mean plasma renin level (expressed as angiotensin formed during in vitro incubation) from 9 to 29 ng angiotensin/ml of plasma for the group of five dogs is significant (P<.025). In one dog (no. 8 of Table 1 ), the concentration of plasma sodium fell from 154 to 131 mEq/L although the average value for the period with heart failure was 144 mEq/L. Dog no. 11 was found to be pregnant; she aborted and died 10 days after development of heart failure. Her control plasma renin levels were not significantly different from those of the other dogs in the series, and the sudden significant increase in the plasma renin in this dog coincided with constriction of the pulmonary artery ligature. This observation suggested that the production of heart failure rather than pregnancy resulted in the increase in plasma renin in this animal. Even when this dog is excluded from the series, the increase in plasma renin is statistically significant.
Dogs with high output heart failure (N = 5).-The average values for the observations in dogs that developed spontaneous heart failure following placement of an aortic-caval fistula are presented in Table 2 ).
dium persisted after the immediate postoperative period and was associated with an increase in plasma renin in three of the five dogs. The average value for the eleven plasma renin determinations during the experimental period (Table 2 ) in dog no. 23 does not reflect the marked initial increase from 9 to 36 ng angiotensin/ml of plasma which was observed. Dog no. 25 failed to show a rise in plasma renin, and the difference between the mean control level of plasma renin and the average value during heart failure was not significant for the group. AH the dogs developed ascites and peripheral edema and died with pulmonary edema. At autopsy the animals displayed large amounts of ascites and pleural effusion, hepatic congestion, frothy fluid in the bronchi and Circulation Restarcb, Vol. XXU, Febriurj 1968 trachea, and heavy edematous congested lungs. One dog (no. 24) developed marked hyponatremia (from 152 to as low as 118 mEq/L) during the period of congestive heart failure.
Dogs with an arteriovenous fistula given DOCA (N = 9).-ln this group of dogs, the arteriovenous fistula was not large enough to produce heart failure. These animals were given 15 mg/day of DOCA intramuscularly and divided into two groups on the basis of their response to the mineralocorticoid.
In the first group of five dogs, after several days of renal sodium retention, renal sodium "escape" from the sodium-retaining action of the DOCA occurred. The response was similar to that observed for normal dogs given DOCA (17) , except that occasionally sodium Renal sodium "escape" phenomenon in a dog with a small arteriovenous fistula. Normal plasma renin levels were observed after placement of the small fistula, and plasma renin fell when DOCA was administered. The dog also developed hypokalemia.
retention occurred for a longer period than in normal animals. The data in Figure 3 show the renal sodium "escape" from DOCA in a dog with a small arteriovenous fistula. On a dietary sodium intake of 30 mEq/day, DOCA produced sodium retention for 10 days in this dog before renal "escape" occurred. This was associated with depression of the plasma renin level and the development of hypokalemia. The average values for the findings during the control period after placement of the arteriovenous fistula, for the first 5 days of DOCA administration, and during prolonged DOCA administration are presented in Table  3 (center column). Plasma renin levels were not changed by the placement of a small arteriovenous fistula. However, DOCA suppressed plasma renin levels significantly both during the first 5-day period with renal sodium retention and also after 5 days during the period of renal sodium "escape" (Figs. 3 and  4) . The renin values were low both when renal sodium excretion was less than 5 mEq per day and when the renal sodium excretion increased to as high as 75 mEq per day. Slight hypokalemia developed during DOCA administration in this series of dogs; plasma potassium fell from 4.3 ± .2 to 3.7 ± .2 mEq/L. In the second group of four dogs given DOCA, the renal sodium "escape" phenomenon failed to occur (right column of Table 3 ). In one dog DOCA was discontinued, and U Na V = daily renal sodium excretion, P Na and P K = plasma sodium and potassium concentrations, RAP = mean right atrial pressure, MAP z= mean arterial pressure, daily Na Intake = 30 or 60 mEq/day. Mean values, ±SEM.
after a recovery period a second course of DOCA was given. The typical changes are illustrated for an individual dog in Figure 5 . These animals showed prolonged sodium retention and developed ascites, pleural effusion, edema, and increased central venous pressure; all died of pulmonary edema during DOCA administration. The response Ho DOCA was similar to that observed in animals in which the renal sodium "escape" phenomenon occurred, in that plasma renin was suppressed (Fig. 4 and Table 3 ). There was a rise in the right atrial pressure, but plasma electrolyte concentrations remained unchanged; thus, the response in plasma potassium concentration differed between these animals and the five dogs that escaped.
The finding of suppressed plasma renin levels in dogs with the congestive state produced by DOCA differs from the results obtained in the dogs with an arteriovenous fistula in which spontaneous heart failure developed (Fig. 6) . The average plasma renin for the animals with heart failure was significantly higher than that found in the dogs given DOCA (P < .001). In all other parameters the two groups were similar.
There was an interesting relationship between the mean values for plasma sodium and plasma renin among the 12 groups of animals (Tables 1-3 ). The highest plasma renins for the dogs with low and high output heart failure (Tables 1 and 2) were associated with the lowest plasma sodiums.
Plasma renin substrate.-The concentration of renin substrate in plasma was measured in four dogs with low output right heart failure, in three dogs with an arteriovenous fistula that developed high output failure, and in four dogs with an arteriovenous fistula given DOCA. The results are shown in Figure 7 . The values represent an average of two control determinations for each dog and two values during the experimental period. Only the dogs with low output right heart failure showed a significant change in the plasma renin substrate level. In these animals renin substrate fell during the period of heart failure.
Discussion
'The present study suggests that in both low output, right-sided congestive heart failure and in high output cardiac failure produced by a large aortic-caval fistula the byperaldosteronism is mediated by the renin-angiotensin system. In all of the dogs with low output failure and in three of the five dogs with high output failure, the plasma renin level was elevated; this finding is consistent with the presence of increased activity of the reninangiotensin system. The result agrees with the earlier observation that the extractable renin content of kidneys from dogs with heart failure was increased (22) , and that in dogs with heart failure secondary to an arteriovenous Circulation Rtsetrcb, Vol. XXII, Pobfutrj 1968 fistula there was frequent hypergranulation and hyperplasia of the juxtaglomerular cells (12) . On the basis of available data, it seems likely that hypersecretion of renin occurred in both experimental low and high output heart failure. In the present experiments each animal served as its own control. This is important because of the variability in the control levels of plasma renin among different dogs. The explanation for these differences is not clear. By utilizing the present experimental design, HEART u (N=5 ) DOCA+ CONO^TIVF SYNDROME
FIGURE 6
Comparison of the plasma renin level in the group of statistically significant differences in plasma renin between groups were demonstrable except for the data in Table 2 . Two of these dogs with high output heart failure and marked sodium retention failed to show a clear-cut increase in plasma renin. For dog no. 1 *of Table 2 , several of the experimental values were higher than the average control value of 13, but the difference between the experimental and control values was not large enough to be certain that plasma renin increased. Mechanisms other than the hypersecretion of aldosterone which could have 
FIGURE 7
Plasma renin-substrate levels in dogs with right heart low output failure, in dogs toith an arteriovenous fistula and high output failure, and in dogs with an arteriovenous fistula given DOCA.
contributed to the retention of sodium in dogs 1 and 25 of Table 2 include: (1) a sufficient reduction in the glomerular filtration rate reported previously in high output failure (12) , and (2) a high circulating level of aldosterone secondary to a decrease in the metabolic clearance rate of this hormone. IN dog no. 25 the elevation in venous pressure and associated hepatic venous congestion could have decreased the rate of inactivation of aldosterone by the liver (23) .
There are only a few reported studies on the renin-angiotensin system in patients with heart failure. As early in 1946, Merrill, Morrison, and Brannon (24) reported a high concentration of a substance similar to renin in renal vein blood of patients with heart failure. In 1963 DeChamplain, Boucher, and Genest (25) described a series of patients with edema of various etiologies; their results included ten patients with heart failure with an increased circulating level of angiotensin. Their data on angiotensin are suggestive, but additional observations are needed with a highly specific method for angiotensin (26) . More recently, DeChamplain and associates (27) found that plasma renin activity was increased in patients with heart failure and fell after therapy and cardiac compensation. Massani et al. (28) also reported high levels of plasma renin in patients with congestive heart failure, but there was a wide scatter in their data, and considerable overlap occurred between normal and experimental values. In a review Brown, Davies, Lever, and Robertson (29) stated that two distinct patterns have been observed in untreated congestive failure; the plasma renin was low and increased with diuretic therapy, or renin was high and fell with treatment. In the present study plasma renin was elevated in experimental heart failure (both low and high output) in all but two dogs with high output failure.
The stimulus for the elevation in plasma renin in experimental heart failure is unknown. The elevation did not correlate with the fall in arterial pressure or the rise in right atrial pressure. Although the average Circulation Research, Vol. XXU, Fekriurj 1968 values for arterial pressure in low and high output failure were uniformly low, several individual values, for arterial pressure in these animals were at the control level in the presence of very high plasma renins. Similarly, plasma sodium was frequently low in both low and high output failure in the presence of elevated plasma renin, but this relationship was not invariable. A striking inverse correlation between plasma sodium and plasma renin has been reported by Brown, Davies, Lever, and Robertson (30) in a group of hypertensive patients.
The fall in plasma renin-substrate in dogs with right-sided heart failure was probably a consequence of the marked hepatic congestion and liver necrosis that occurs in animals with central venous congestion (2) . A parallel functional change which is secondary to decreased hepatic blood flow is the decreased plasma clearance of aldosterone (13) .
The mechanism for the renal sodium "escape" from mineralocorticoids is unknown (14, 15, 17) . However, many clinical conditions and experimental situations, in which failure to "escape" and prolonged sodium retention occur, are associated with increased activity of the renin-angiotensin system and high levels of plasma renin. Gross and coworkers (31) have postulated that the "escape" phenomenon may be mediated by changes in the activity of the renin-angiotensin system; in their experiments depression of kidney and plasma renin induced a natriuresis, whereas high levels of renin favored increased fractional renal tubular sodium reabsorption during mineralocorticoid therapy. Similar to the results of previous studies of the effect of DOCA on normal animals (32, 33) , DOCA suppressed the level of plasma renin in the dogs with a small arteriovenous fistula. Furthermore, the lowest plasma renins were observed in the animals that escaped from DOCA or developed the congestive syndrome. This suppression of plasma renin was unrelated to the rate of renal sodium excretion. Renin was significantly decreased during the first five days of DOCA administration, during the period of maximal fractional renal sodium reabsorption, and later during renal sodium "escape" when urinary sodium excretion was high. Similarly, in the dogs with large arteriovenous fistulas that developed signs of congestive heart failure during DOCA administration, and in which renal sodium excretion was low, there was a sustained decrease in the plasma renin level. Therefore, the results from this study do not support the concept that changes in the renin-angiotensin system are responsible for the "escape" from DOCA or that renin sensitizes the Icidney to the action of mineralocorticoids.
